Abstract: Mutation breeding and functional genomics studies of mutant populations have made important contributions to plant research involving the application of radiation. The frequency and spectrum of induced mutations have long been regarded as the crucial determinants of the efficiency of the development and use of mutant populations. Systematic studies regarding the mutation frequency and spectrum, including genetic and genomic analyses, have recently resulted in considerable advances. These studies have consistently shown that the mutation frequency and spectrum are affected by diverse factors, including radiation type, linear energy transfer, and radiation dose, as well as the plant tissue type and condition. Moreover, the whole-genome sequencing of mutant individuals based on next-generation sequencing technologies has enabled the genome-wide quantification of mutation frequencies according to DNA mutation types as well as the elucidation of mutation mechanisms based on sequence characteristics. These studies will contribute to the development of a highly efficient and more controlled mutagenesis method relevant for the customized research of plants. We herein review the characteristics of radiation-induced mutations in plants, mainly focusing on recent whole-genome sequencing analyses as well as factors affecting the mutation frequency and spectrum.
Introduction
Radiation has been widely applied to develop new cultivars used for crop production and as genetic resources for functional genomics studies in the 90 years since Stadler [1, 2] first published the results of mutations induced by irradiation in crops. Initially, X-rays and gamma rays were primarily used for these purposes, but neutrons and ion beams have subsequently been applied for systematic characterizations and utilizations [3, 4] . Although treatments with chemical mutagens, such as ethyl methanesulfonate (EMS), may result in more frequent mutations, the advantages of radiation include the fact that it induces a higher proportion of mutations, which substantially affects gene functions (e.g., the deletion of a complete gene), thus resulting in more loss-of-function mutations related to target traits with fewer mutations per genome [5] [6] [7] . Accordingly, more than three quarters of the 3286 mutant varieties registered in the Mutant Variety Database [8] were developed by irradiation.
Regarding radiation-induced mutations, the frequency and spectrum of mutations are dependent on many factors, including radiation type and dose, linear energy transfer (LET; i.e., the amount of energy transferred to materials when radiation traverses a unit distance), and plant tissue type and condition [5, 9, 10] . Therefore, an in-depth characterization of the mutagenic effects for a specific irradiation treatment is very important for breeding and functional genomics studies. Populations with many individuals in the M 2 or more advanced generations are generally developed for plant mutation studies ( Figure 1 ). Mutant lines with target characteristics are selected in a population based on the phenotypes (forward genetics approach) and/or by screening for mutations to genes expected to be responsible for target characteristics (reverse genetics approach). The effect of a mutation on gene function as well as the mutation frequency should be considered when determining the appropriate size of a population for obtaining a certain gene coverage for knockout or knockdown studies. Additionally, the types of DNA mutations caused by irradiation should be considered. For example, if a high rate of knockout mutations for each gene is required, irradiation that results in frequent small deletions would be suitable [5] . However, if the objective is to achieve the simultaneous knockout of genes duplicated in tandem, irradiation that induces large-scale mutations, such as large deletions, is a better option [11, 12] . The prevailing types of DNA mutations are also determinants of mutant screening methods in reverse genetics approaches. Single nucleotide polymorphisms and small deletions can be detected by Targeting Induced Local Lesions IN Genomes (TILLING), in which mismatches between wild-type and mutant DNA amplicons are screened based on the cleavage by endonucleases (e.g., CelI) or high-resolution melting analysis [13] . In contrast, larger deletions may be detected by De-TILLING analysis based on a specific amplification of a mutant DNA fragment with a large deletion [14, 15] . 
63
In a forward genetics approach, individuals with a desired phenotype are selected in a population,
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after which the gene responsible for the phenotype is studied. In reverse genetics approaches, lines Figure 1 . General procedure for the mutation breeding of seed-propagated crops. The M 1 plant is chimeric for each induced mutation because it originates from the irradiated seeds and comprises multiple cells with a diverse mutation spectrum. Selections based on the phenotype or DNA sequences are usually performed with M 2 populations, which do not contain any chimeric individuals. In a forward genetics approach, individuals with a desired phenotype are selected in a population, after which the gene responsible for the phenotype is studied. In reverse genetics approaches, lines with mutated targeted genes are selected, after which the resulting phenotype is investigated.
In crop research, mutation frequencies have been commonly determined based on observable phenotypes, such as developmental changes or variations in leaf or flower colors, in mutant populations without the need for information regarding the mutated genes [10, [16] [17] [18] . These studies provided useful practical information for breeding, but the mutation frequency for a single gene could not be calculated, and the types and mechanisms of DNA mutations were not elucidated. Studies involving a model plant species, Arabidopsis thaliana, overcame these limitations because of its well-characterized phenotype-to-genotype relationships [5, [19] [20] [21] [22] . Because the frequency and sequences of mutant alleles for specific genes were analyzed in these studies, the mutation frequency for a single gene and the characteristics of the mutated sequences were revealed. The recent application of high-throughput sequencing technology has provided additional information at the whole-genome level. Complete genome sequences of mutant individuals in small experimental groups have generated abundant information regarding the composition and distribution of different types of mutations (Table 1) [7, 9, 11, 12, [23] [24] [25] . Moreover, the reported whole-genome sequencing (WGS) analysis and construction of a mutation database for 1504 individuals in a large mutant population might mark the beginning of the era of radiation mutation breeding based on complete genome sequences [26, 27] . In this review, we introduce the plant factors influencing the frequency and spectrum of mutations induced by irradiation. Additionally, mutation characteristics are described based on the results of recent WGS studies. Finally, future perspectives and objectives are discussed.
Factors Affecting the Mutation Frequency and Spectrum
Numerous factors influence the mutation frequency and spectrum in both independent and interdependent manners. In this section, we will review several factors that have been mainly analyzed by genetic studies.
Linear Energy Transfer
Numerous investigations have proven that the frequency and types of mutations in the advanced generations (M 2 and later) as well as the relative biological effectiveness determined in the M 1 generation are largely dependent on the LET of the applied radiation [4, [27] [28] [29] . Among the radiation types frequently used for mutagenesis, heavy ion beams and fast neutrons are high-LET radiation types, whereas gamma rays and X-rays are classified as low-LET types. The complex track structure of high-LET radiation in which energetic secondary electrons are generated, leading to energy deposition near the primary particle track, results in clustered DNA damages, which is related to the close localization of complex DNA lesions [30, 31] . The clustered DNA damages include double-strand breaks (DSBs) as well as single-strand breaks (SSBs) and diverse DNA lesions [31] . In contrast, low-LET radiation mainly damages DNA via an indirect mechanism in which energy deposited in water molecules produces hydroxyl radicals that target DNA molecules [32] . This process mainly results in SSBs and diverse base or sugar lesions, although some DSBs may also occur as the result of attempts to repair multiple DNA lesions induced within a small region [33] . The differences between highand low-LET radiation regarding the mechanisms underlying DNA damages may result in unique mutation induction features due to at least three factors, namely the frequency of DSBs, the efficiency of DNA repair, and the non-homologous end joining (NHEJ) mechanism. Kikuchi et al. [34] reported that a 50-Gy neon beam produces about eight times more chromosomal breaks than irradiation by X-rays. In a comparison of carbon beams with different LETs, Hase et al. [27] demonstrated that the efficiency of DSB repair by NHEJ is much lower for high-LET radiation based on the finding that the difference in the radiation sensitivity between the wild-type and DNA ligase IV mutant (deficient in the classical NHEJ (C-NHEJ) repair pathway) is much smaller for the high-LET carbon beam than for the low-LET carbon beam. Hirano et al. [11] added a new interpretation for the same result based on the DNA rearrangement junction sequences obtained in their WGS analysis. They suggested that an alternative end-joining (A-EJ) pathway instead of the C-NHEJ pathway may be mainly responsible for the DNA repair during the application of high-LET radiation; this will be discussed in more detail later.
In terms of the mutation frequency, Shikazono et al. [21] reported that the average mutation rate per dose is about 17-fold higher for carbon beams (LET = 113 KeV µm −1 ) than for electron beams (LET = 0.2 KeV µm −1 ) in the A. thaliana M 2 generation. This difference decreases to 3.4-fold if the comparison is performed for radiation doses that result in similar lethalities. Kazama et al. [28] analyzed A. thaliana phenotypic mutation frequencies for radiation types with more subdivided LETs. They determined that carbon and nitrogen ion beams with a specific LET (30 KeV µm −1 ), which was designated as LET max , resulted in the highest mutation frequency when compared with radiation treatments with a higher or lower LET. For example, a carbon beam (30 KeV µm −1 ) irradiation resulted in 4.0-and 2.4-times more albino mutants in the M 2 generation than irradiations with 22.5 KeV µm −1 and 61.5 KeV µm −1 carbon beams, respectively. In a subsequent study, the ratio between small alterations (single base substitutions (SBSs) and small insertions and deletions (InDels)) and DNA rearrangements varied depending on the LET. A carbon beam with LET max frequently induced null mutations of genes due to small alterations rather than DNA rearrangements [5] . The mutation phenotype spectrum is also affected by the LET. A much broader range of flower color variations was detected for a carbon beam irradiation than for a gamma irradiation [35] .
Irradiation Dose
Lethality and fertility in the M 1 generation are usually considered when the mutation frequency due to the irradiation dose is investigated because the M 2 population must be generated by reproduction in mutation breeding studies (Figure 1) . Therefore, determining the lowest dose that results in the desired mutation frequency is warranted. Yamaguchi et al. [10] investigated the relationship between the survival rate of rice M 1 individuals and the phenotypic mutation frequency in M 2 populations during radiation treatments with increasing doses. They revealed that the mutation frequency per M 2 plant increased rapidly as the survival rate decreased when the survival rate was in the range of 90-100%, but it increased gradually as the survival rate decreased below 90%. Interestingly, the highest number of M 1 lines with M 2 progenies exhibiting a mutant phenotype per seed sown in the M 1 generation was detected following an irradiation with the shoulder dose (i.e., the dose at which the survival rate starts to decrease rapidly in the dose-survival rate curve), regardless of radiation type. Therefore, they assumed that an irradiation with the shoulder dose can efficiently induce mutations and minimize the effects on survival. The optimal dose can be decreased to 50-75% of the dose at the end of the shoulder to minimize the background mutation during breeding [36] .
Kazama et al. [5] confirmed that, in addition to the LET, the particle number of ion beams is closely related to the mutation frequency. An analysis of the mutation frequency of A. thaliana plants exposed to carbon ion beams with different LETs (22.5 and 30 KeV µm −1 ) indicated that the mutation frequency increased as the number of particles increased whilethe maximum mutation frequency was much higher for 30 KeV µm −1 than for 22.5 KeV µm −1 . Accordingly, they inferred the reason why irradiation with a LET higher than 30 KeV µm −1 (LET max ) results in a lower mutation frequency than that obtained with an irradiation with LET max . Because increases in the irradiation dosage are limited due to plant lethality, an insufficient number of particles may be treated by high-LET radiation, which may decrease the chances of mutation. Therefore, an integrated understanding of LET, irradiation dose, and relative biological effects on plant survival or fertility is required for determining the optimal irradiation type and conditions for mutation breeding studies.
Effects of Plant Tissue Type and Condition
The hydration state of a plant sample can influence the mutagenic effect of irradiation because indirect DNA damages are mainly caused by hydroxyl radicals generated from water molecules. Therefore, the water content may affect the mutation frequency or the proportion of direct and indirect DNA damages. Water contents below 14% reportedly increase the sensitivity of barley seeds to gamma rays and X-rays, although the underlying mechanism has not been characterized [3] . In contrast, according to Vochita et al. [37] , who analyzed the cytological effects of low-LET radiation (X-ray and electron beams) on dry and hydrated seeds, the mitotic index is lower and the rate of chromosomal aberrations is higher in irradiated hydrated samples.
Regarding irradiated tissues, Hase et al. [9] proved that the mutation frequency induced by carbon beam irradiation was higher for dry seeds than for seedlings in A. thaliana. The difference in the mutation rates was mainly due to the high rate of InDel mutations in the irradiated seeds (described later). They suggested the following three reasons for this finding: the higher water content in seedlings may lead to fewer direct-to-indirect DNA damages, the cells carrying genetic material with abundant InDels may be selectively eliminated during the cell proliferation of seedling meristems, and the chromatin in seeds is highly condensed, which may be related to the repair process. Meanwhile, Kowyama et al. [38] reported that the mutation frequency in rice was higher for microspores irradiated at the late tetrad stage than for irradiated seeds or egg cells. Consequently, the irradiation of microspores at this stage may be an efficient method for generating a large number of mutations in rice.
Finally, a specific pretreatment of samples before irradiation can increase the frequency of the targeted mutation. For example, a pretreatment with sucrose, which upregulates the expression of anthocyanin biosynthesis genes, increases the number of flower-color mutants generated by carbon beam irradiation in petunia, although the frequency of chlorophyll mutations is almost unchanged [39] . Therefore, modulating the gene expression pattern may lead to increased controlled mutation, although the responsible mechanism will need to clarified [40] .
Characteristics of DNA Mutations Revealed by Whole-Genome Sequencing
Additional complete genome sequences of plant mutants generated by irradiation have been reported since Belfield et al. [23] first published the sequence of A. thaliana mutants obtained by fast-neutron irradiation. These sequences have been used for the comparative analysis of DNA mutations between various types of radiation treatments or target samples and also for constructing a genomic database for mutant populations (Table 1) . In this section, we will describe the characteristics of DNA mutations caused by irradiation under diverse conditions (mainly radiation type and LET) based on WGS studies. The results of EMS treatments and spontaneous mutations were also included for comparison. The data from earlier investigations were reinterpreted for an integrated description. Thus, the values for several parameters presented herein may differ somewhat from the values in the original articles because of differences in categorization. In addition, we cannot rule out the possibility that characteristics of mutations may be different according to plant species, irradiation conditions, and NGS analysis methods. Thus, we recommend that readers refer to the data in this section to assess the overall features of DNA mutations.
Frequency and Distribution of Mutations
Mutation frequencies in the M 1 generation were estimated from those of the M 2 or M 3 generations, assuming a Mendelian segregation of mutant alleles. These values were used for comparing the mutation frequencies of different generations (M 2 or M 3 ) and may differ substantially from the actual mutation frequency of the M 1 generation because many of the large deletions induced in the M 1 generation are not transmitted to the next generation [41] . A carbon beam with LET max resulted in a high mutation frequency (6.6 × 10 −7 /bp) in A. thaliana (Figure 2a ). This mutation frequency was similar to or higher than that resulting from an irradiation of A. thaliana by a carbon beam with a higher LET (107 KeV µm −1 ; 4.3 × 10 −7 /bp at 175 Gy and 3.6 × 10 −7 /bp at 125 Gy) or an argon beam (290 KeV µm −1 ; 4.3 × 10 −7 /bp). The irradiation of seedlings produced the lowest mutation frequency. The mutation frequency due to fast neutrons was similar to that obtained with carbon ion beam irradiation (107 KeV µm −1 ) and an argon beam at 60 Gy. Additionally, the mutation frequency in gamma-irradiated tomato plants was not much lower than that resulting from ion beams, which was inconsistent with the findings of other studies that indicated significantly higher mutation frequencies were induced by ion beam irradiations [10, 21] . The mutation frequency range among irradiations was 2.2-6.6 × 10 −7 /bp, which was 31 to 93-times higher than the frequency of spontaneous mutations estimated for A. thaliana (7.1 × 10 −9 /bp), and 4.5 to 13.4-times lower than the mutation frequency in EMS-treated tomato (29.6 × 10 −7 /bp). Several WGS investigations revealed an even distribution of mutations in the genome. Irradiations by fast neutrons (20 Gy) and a carbon beam (50 KeV µm −1 ) induced mutations that were evenly distributed across chromosomes [24, 25, 27] . Additionally, mutations were not preferentially located in genic or intergenic regions following fast neutron irradiation (60 Gy) [23] . Similarly, the distribution of mutations was not biased toward euchromatin or heterochromatin in tomato irradiated with gamma rays or treated with EMS [7] .
Mutation Spectrum and Mechanism
DNA mutations are often classified as SBSs, small InDels, or large-scale DNA rearrangements, including large deletions, duplications, inversions, and translocations. Although radiation treatments are believed to mainly induce large-scale mutations, sequencing analyses have indicated that SBSs and small InDels represent a considerable portion of the total mutations in terms of the number of mutation events. On the basis of WGS analyses (Figure 2b) , we determined that range of the ratio of SBSs to InDels was 0.77 (carbon beam, 107 KeV µm −1 , 125 Gy) to 3.5 (gamma rays). These ratios were much smaller than those resulting from spontaneous mutations (5.8) and EMS treatments (75.8).
The high-LET irradiation of seeds (e.g., carbon beam (107 KeV µm −1 ), argon beam (290 KeV µm −1 ), and fast neutrons) generally led to a larger proportion of InDels compared with the effects of low-LET irradiation. The irradiation of seedlings reportedly induced relatively few InDels, which may contribute to the lower mutation frequency of seedlings than of seeds following a carbon beam irradiation [9] . Interestingly, only a carbon beam irradiation (107 KeV µm −1 ) of A. thaliana seeds resulted in more InDels than single nucleotide polymorphisms although the LET was lower than that of argon beams, implying that a high LET is not the only requirement for a higher frequency of InDels.
The main substitution in radiation-induced mutations was G/C to A/T, which is similar to the results of spontaneous or EMS-induced mutations, but its proportion of the total SBSs was much lower (Figure 2c) . Many of the substituted bases in this type of mutation involved pyrimidine dinucleotides in fast neutron and carbon beam-induced mutants, implying that the mechanism underlying UV-induced mutations may be applicable [23, 24] . Irradiation with UV light can induce the formation of cyclobutane pyrimidine dimers at pyrimidine dinucleotide sites. The C and 5-methyl-C in cyclobutane pyrimidine dimers are unstable and deaminate to U and T, leading to a C-to-T mutation [42] . This is different from the well-known mechanism responsible for the G/C to A/T substitution following an EMS treatment, which involves the alkylation of G, leading to the mispairing with T. Other substitutions such as A/T to T/A, A/T to G/C, G/C to T/A, and A/T to C/G are generally more frequent in SBSs induced by radiation than by spontaneous mutations or EMS, although the relative proportion differs according to the radiation type and irradiation conditions (Figure 2c) . The mechanisms for these mutations remain largely unknown. However, Belfield et al. [23] proposed that the G/C to T/A substitution might be caused by the guanine oxidation due to the effects of reactive oxygen species and hydroxyl radicals produced by irradiation. Hase et al. [9] disagreed with this proposal because they did not observe an increase in the frequency of this type of substitution following the irradiation of seedlings, which is expected to increase the concentration of hydroxyl radicals. The relatively even composition of radiation-induced SBSs leads to less-biased amino acid changes compared with those induced by EMS if the SBSs are located in genes [27] .
Although it is difficult to generalize the distribution pattern of deletions according to their length because of the relatively few large deletions detected in a limited number of samples, the proportion of large deletions (>100 bp) is highest following irradiations with an argon beam (290 KeV µm −1 at 50 Gy; 28.6%) and fast neutrons (20 Gy; 11.6%) with a high LET. In several studies, a major portion of the irradiation-induced single nucleotide deletions was detected in homopolymeric sequences, implying they might be generated by the DNA replication slippage induced by irradiation [9, 23, 24] . However, significant portions of larger deletions were shown to involve microhomologous sequences at their junctions [9, 11, 12] . The error-prone A-EJ pathway, which usually involves microhomologous sequences at the DNA ends, might be the responsible mechanism because this pathway is associated with deletions in mammals [43] , and the expression of A-EJ pathway-related genes in rice is upregulated as the LET increases during irradiations [44] . Similar relationships between length and junction sequences were reported for insertions caused by carbon beam irradiation [9] . Some of the insertions resulting from argon beam irradiation were identified as filler DNA sequences connecting DNA rearrangement junctions to each other [12] . None of the filler DNA sequences were significantly similar to any sequences in the A. thaliana reference genome. These filler DNA sequences were suggested to be synthesized by the repair pathway mediated by DNA polymerase theta, which is known to be involved in the A-EJ pathway of mammals [12] .
Large-scale DNA rearrangements have been analyzed in only a few studies [11, 12, 25, 26] because of the difficulties in detecting these mutations using the short reads generated by NGS. In terms of the number of mutations, large DNA rearrangements represented 9.0% of the total mutations following the fast neutron irradiation (20 Gy) of rice [26] and 26.7% and 3.8% of the total mutations induced by argon beam (290 KeV µm −1 , 50 Gy) and carbon beam (30 KeV µm −1 , 400 Gy) irradiations of A. thaliana, respectively. Hirano et al. [11] revealed that 62% of the DNA rearrangement junctions contained microhomologous sequences, suggesting the A-EJ pathway was involved in repairing the DSBs caused by argon beam irradiation. A subsequent study by Kazama et al. [12] demonstrated that the DNA rearrangement characteristics vary according to the radiation LET. Argon beam irradiations lead to more complicated rearrangements involving multiple events and many filler DNA sequences (discussed above) compared with carbon beam radiation treatments. The higher frequency of DNA rearrangements associated with argon beam irradiations suggests that high-LET irradiation leads to complex and clustered DNA damages that are difficult to repair.
Effects on Gene Function
Gene mutations that can be inherited by the next generation are usually used for mutation breeding or functional genomics studies. Naito et al. (2005) observed that most large deletions induced by gamma rays or carbon beams in the M 1 generation cannot be inherited by the subsequent generation. Additionally, Kazama et al. [12] confirmed that five of six large deletions that were heterozygous in the M 2 generation could not exist in the homozygous state in the M 3 generation. These observations may indicate that genes essential for survival were located in the deleted regions. Therefore, the zygosity of gene mutations as well as the effects of the mutations on gene functions must be analyzed. Only three published studies provide enough information to satisfy these requirements [11, 12, 23] . Although two independent investigations [11, 12] generated information regarding argon beam irradiations, only the gene function data from Hirano et al. [11] were considered for this review because one mutant line in the Kazama et al. [12] study contained extraordinarily long deleted sequences and included 852 genes.
When the number of genes affected by homozygous mutations was calculated for the M 2 generation, a loss-of-function mutation (i.e., nonsense mutation, loss of the start codon or splicing site, truncation, and gene loss) was predicted for 1.6, 2.3, and 6.3 genes following fast neutron (60 Gy), carbon beam (30 KeV µm −1 , 400 Gy), and argon beam (290 KeV µm −1 , 50 Gy) irradiations, respectively (Figure 3a) . If the frequency of mutations with a moderate or high impact was calculated by adding the number of genes carrying missense mutations and in-frame InDels, the numbers of affected genes were 3.5, 5.1, and 8.7, respectively. The proportion of loss-of-function mutations was higher for the argon beam irradiation because a large portion of these mutations were caused by the loss of complete genes due to large deletions (discussed below).
If heterozygous mutations are included in analyses, the number of genes with loss-of-function mutations 2.8 to 42.7 (Figure 3b ). Regarding the argon beam irradiation, the number of genes with heterozygous or homozygous mutations was 5.7-times higher than the number of genes with homozygous mutations. In contrast, it was only 2.5-times higher for the carbon beam irradiation (30 KeV µm −1 , 400 Gy). These results may be explained by the fact that many of the large deletions induced by high-LET radiation can exist only in the heterozygous state, probably because genes essential for survival are present in the deleted regions. In contrast, small-scale mutations caused by lower-LET irradiation likely affect only a single gene without simultaneously influencing other genes. This assumption was supported by the spectrum of mutations affecting gene functions (Figure 3c ). During irradiations by fast neutrons (20 Gy) and argon beams (290 KeV µm −1 , 50 Gy), about 90% of the mutations affecting gene functions led to a loss of function, and most of them were truncations or deletions of genes due to large deletions or DNA rearrangements. Irradiations with a lower-LET carbon beam (30 KeV µm −1 , 400 Gy) or gamma rays resulted in a smaller proportion of loss-of-function mutations, with SBSs or small InDels representing a significant portion of the mutations. The largest proportion of loss-of-function mutations due to SBSs or small InDels was observed for a carbon beam irradiation (30 KeV µm −1 , 400 Gy). Kazama et al. [12] demonstrated that this treatment is very efficient for inducing small deletions affecting gene functions. In contrast, an EMS treatment resulted in considerably more missense mutations and fewer gene deletions or truncations. Although an EMS treatment led to a very high frequency of mutations affecting amino acid sequences, the frequency of high-impact mutations was similar to that induced by gamma-irradiation and was lower than that resulting from higher-LET irradiations when both homozygous and heterozygous mutations were included for analysis (Figure 3b) .
On the basis of the frequency of mutated genes, we calculated the number of individuals in the M 2 population required to ensure that at least one individual has a mutation in a gene of interest according to a certain probability. If only the homozygous mutations were considered (for a forward-genetics approach), 17,723, 12,210, and 7224 M 2 individuals were required for a 90% probability following the fast neutron (60 Gy), carbon beam (30 KeV µm −1 , 400 Gy), and argon beam (290 KeV µm −1 , 50 Gy) irradiations, respectively. When the analysis included heterozygous mutations (for a reverse-genetics approach), only 1268 and 3781 M 2 individuals were needed for a 90% probability with the argon beam (290 KeV µm −1 , 50 Gy) and fast neutron (20 Gy) , the data from Hirano et al. [11] were used in the analysis because one mutant line included in the study by Kazama et al. [12] contained extraordinarily long deleted sequences and included 852 genes.
Our analyses indicated that special precautions are required when characterizing the effects of high-LET irradiation on gene functions because this radiation type usually results in large deletions of many genes. An analysis that includes only a small number of samples may lead to biased results because fewer than three deletions typically exist in a sample and even a single deletion may substantially affect the mutation frequency and spectrum of the affected genes. In fact, Belfield et al. [23] analyzed three individuals irradiated by fast neutrons (60 Gy), and gene losses due to deletions were not detected. However, gene losses were frequently detected in another study involving an analysis of 1504 individuals irradiated by fast neutrons (20 Gy) . Therefore, a sufficient number of individuals is critical for analyses of large-scale structural variations. Additionally, as discussed earlier, a significant portion of large deletions in the heterozygous state might not be able to exist in the homozygous state. Thus, it may not be possible to evaluate the phenotypic consequences of a gene deletion. Calculations based on the frequency of homozygous mutations may be more useful for planning radiation breeding experiments or functional genomics studies.
Future Perspectives
Recent WGS analyses of irradiation-induced mutants have greatly enhanced our understanding of the mutation frequency and spectrum. The results of these studies may be useful for selecting the appropriate radiation type and irradiation conditions to generate mutations with specific characteristics. Therefore, inducing mutations in a way that is optimal for specific purposes may be achieved by selecting an appropriate radiation type and optimizing the irradiation conditions. Additionally, in a more active approach, the desired mutations may be induced following the pre-treatment or genetic engineering of irradiated samples (e.g., the silencing of a specific DNA repair pathway). Accordingly, the generation of mutants via diverse irradiation methods followed by the characterization of the DNA mutations by sophisticated NGS pipelines will likely become more popular in future studies. The use of long-read sequencing technologies (e.g., PacBio sequencing and Oxford Nanopore sequencing) will further improve the accuracy and throughput of analyses of large structural variations. Moreover, the application of sequencing technologies will provide opportunities for the efficient use of genetic resources developed by irradiation. As mentioned earlier, WGS was first completed for radiation-induced rice mutant populations [26] . Although sequencing the complete genome is likely not currently feasible for crops with large genomes, the sequencing of selected regions (e.g., exome sequencing) [45, 46] may be an alternative way to develop a genome database or determine mutation frequency for mutation populations of important crops. Combining radiation and DNA sequencing technologies will help to maximize mutagenesis efficiencies and enable the systemic use of the developed genetic materials for plant breeding and functional genomics investigations. 
